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1I ntroduction
Kohn-Sham density functional theory (KS-DFT,o rs imply DFT in the following) [1, 2] has evolved to be today's mostw idely used electronic structure method and has emerged as the theory of choice for application to various problems in the chemical and physicalsciences.Due to its good cost-accuracy ratio this especially holds for largemolecular systems and solids. The number of collaborative experimental and theoretical studies has grown tremendously in the last decade. The usage of complementaryt heoretical and experimental information can generate valuable new insights, and it is nowadays possible to explain and describe various phenomena in ad etailedm echanistic way based on routine quantum chemical calculations.
DFT is considereda st he naturalt heory for extended systems buti ts current, partially semiempiricalc haracter requires extensive benchmarking on theoreticalo re xperimental reference values. Over the past years, such benchmark studies have been carried out with diligence, mainly focusingo ne nergetic properties [3, 4, 5] and more recently also regarding structures of small to medium-sized molecules. [4, 6, 7, 8] However, the number of proposed density functionals is already too huge to be covered comprehensively.C onsequently,t he task to select an appropriate and efficient level of theory for as pecific problem is highly nontrivial. Thus, it comes as no surprise that nonexperts often choose methods purely because of their popularity,a nd those are not necessarily the best options for their application. This eventually resultsi nawaste of computational as well as humanr esources.
One prominent example is the combination of the B3LYP functional [9, 10, 11, 12] with the 6-31G* double-z one-particle atomico rbital( AO) basis set [13] in particular,o rs imilarf unctionals with as mall double-z (DZ) basis set in general.O ver the last decade, computational powerh as increased immensely, and using aw ell-converged basis set (BS) is feasible in many cases. As earch with SciFinder [14] for the exemplary B3LYP functional reveals that the ratio of journal articles using it in combination with aD Zb asis, and those using it with at riple-z (TZ) basis, is roughly the same compared with the previousd ecade. In the years 1995 to 2005, this ratio was about 3.5:1, andi t only droppeds lightly to about 3:1d uring the last decade ( Figure 1 ).
In 2005 Ahlrichs et al. published the efficient def2-SVP (DZ) and def2-TZVP( TZ) BSs which were specifically designed for SCF calculations. However,t he 6-31G* (DZ type) and 6-311G* [15] (TZ type) published by Pople et al. in 1972a nd 1980, respectively,are stillwidely used in DFT calculations.
Compared with the citations of DZ and TZ basis sets, the number of articles employingB 3LYP in combination with quadruple-z (QZ) type expansions is tiny.U tilizing QZ basis sets in HF or DFT calculations leads to resultsw hich are chemically very close to the complete basis set (CBS) limit, and this is our general recommendation if this level is affordable. Because of the faster BS convergencec ompared to correlated postHartree-Fock methods, normally no further BS extrapolation schemei sn eeded. However,t hese calculations are routinely possible on standard workstations only for medium-sized systems with about 100 atoms or less.
If the system size increases, or one has to perform very many calculations, and one is rather limited in the computational resources, as most mainly experimentally working In quantum chemical computations the combination of Hartree-Fock or ad ensity functional theory (DFT) approximation with relativelys malla tomic orbital basis sets of double-zeta quality is still widely used, for example, in the popularB 3LYP/ 6-31G* approach. In this Review,w ec ritically analyze the two main sources of error in such computations, that is, the basis set superposition error on the one hand and the missing London dispersioni nteractions on the other.Wereview various strategies to correct those errors and present exemplary calculations on mainly noncovalently bounds ystems of widely varying size. Energies and geometries of small dimers, larges upramolecular complexes,a nd molecular crystals are covered. We conclude that it is not justifiedt or ely on fortunate error compensation, as the main inconsistencies can be cured by modernc orrection schemes which clearly outperform the plain mean-field methods.
groups are, aD Zb asis is sometimes the only choice. Even with modernc omputational equipment, as ufficiently fast, and at the same time, reasonably accurate and interaction-consistent electronic structure methodi sm andatory for the screening of al arge conformational space, for instancei nt he fast growing field of organic crystal structure prediction. [16, 17, 18] Therefore, in this short Review article, we want to emphasize the problems that arise from using as mall DZ or relatedB Ss, give an overview of methodst oc ircumvent these problems, and discuss some exemplary calculations to provideasurvey on the accuracy of the selected methods. This work extends our previous activitiesi nt he field which were focused specifically on B3LYP/ 6-31G* thermochemistry. [19] For related papers concerningn oncovalentinteractions see refs. [20, 21, 22, 23, 24, 25, 26, 27] .
2Problems of Double-z Basis Sets
There are two major shortcomings of small BS Hartree-Fock (HF) or DFT calculations. Thef irst one is the BS error.T his error can be split further into the basis set superposition error (BSSE)a nd the basis set incompleteness error (BSIE).
Almost all quantum chemical simulationsr ely on systematic error compensations between the initial (reactant)a nd final state (product) calculation. The BSSE is caused by the fact that with as mall BS, the monomers and the complex in ar eaction are not treated on equalfooting which destroys the error compensation. Typically,t his is discussed in the context of noncovalentlybound complexes, but the same phenomenon also appears for covalent-bond-forming chemical reactions, as wella s in intramolecular transformations. In ad imerc omplex AB,t he BS is larger than the individual ones of the monomers A and B because the unoccupied orbitals from A can be used by B and vice versa. This variational 'borrowing' of basis functions leads to an artificial energyl owering of the complex.
The most common approach to circumvent an intermolecular BSSE is the counterpoise (CP) correction scheme proposed by Boys and Bernardi (BB-CP). [28] The BB-CPc ounterpoise correction DE CP for adimer complex AB is defined as
where a and b are the BSs belonging to the monomers A and B in their frozen AB complex geometries. This approach is also termedm olecular CP correction, as only two fragments (the former monomers) are taken into account. Although the BB-CP approachi sn ot free of criticism, [29, 30, 31] it is widely used and found to be ar obust approximation for the self-consistent field (SCF) methods HF and DFT when applied to molecular aggregates.
The BSSE depends on the number of virtual functions that are supplied by the additional fragment in the complex and on their respective overlap. Because the HF/DFTt otal energies converge exponentially with respect to the BS size, the initial increaseo fB SSE with BS size eventually decreases as the CBS limit is approached. The electron density decayse xponentially with the distance and the corresponding exponent is determined by the ionization potentialo ft he fragment. [32, 33] Because the inclusiono fF ock exchange in ah ybrid functional increasest he ionization potential, this leads to am ore compact density,asmallerd ensity overlap of neighboring atoms, and as maller BSSE. This can be qualitatively described as
with the number of virtual basis functions N bf ,i onization potential I,a nd electron-molecule distance r.W eh ave adjusted this functionw ith variable prefactors to the Boys-BernardiC P energy of the S66 [34] noncovalentd imers (see below) for functionalsw ith varying amount of Fock exchange (PBE:0 %, B3LYP:2 0%,P BEh-3c: 42 %, HF:1 00 %) and increasing BS size Figure 1 . SciFinder [14] hits (datedM ay 2015) for journal articles containing the B3LYP functional in combination with DZ (6-31G*,d ef2-SVP,cc-pVDZ, aug-cc-pVDZ), TZ (6-311G*,d ef2-TZVP,cc-pVTZ, aug-cc-pVTZ), and QZ (def2-QZVP,cc-pVQZ, aug-cc-pVQZ) basis sets from the periods 1995-2005 and 2005-2015. Stefan Grimme studied chemistry and finished his PhD in Physical Chemistry at the University of Braunschweig in 1991 on atopic in laser spectroscopy.Hedid his habilitation in theoretical chemistry in the group of Sigrid Peyerimhoff at the University of Bonn. In 2000, he got the C4 chair for theoretical organic chemistry at the University of Mün-ster.In2011, he accepted an offer as the head of the newly founded Mulliken Center for Theoretical Chemistry at the University of Bonn. He has published more than 380 research articles in various areas of quantum chemistry.Heist he recipient of the 2013 Schroedinger medal of the World Organization of Theoretically Oriented Chemists (WATOC) and the 2015 Gottfried-Wilhelm-Leibniz price of the German Research Foundation (DFG). His main research interests are the development and application of quantum chemical methods for large molecules, density functional theory,n oncovalent interactions and their impact in chemistry. ChemistryOpen 2016, 5,94-109 www.chemistryopen.org (MINIX, def2-SV(P), def2-TZVP, def2-QZVP). The corresponding contourplot is shown in Figure 2 .
The BSSE is most pronounced for medium-sized BSs of double-z quality and can be more than 40 %o ft he binding energy.I naminimal BS,t he neighboring fragment haso nly few (even zerof or rare gas atoms)v irtual orbitals,a nd the extension of the variational freedom is minor (small BSSE).I n aCBS, the virtual space is huge, but the energy gain is zero because it is already converged in the single fragment basis (no BSSE). For mediumsized BSs, the increase in the number of virtual functions and the corresponding lowering of the energy can be substantial. In general,B SSE leads to overestimated binding energies and underestimated interatomic distances.
Similar to the formation of ac omplex out of monomers, one part of am olecule, such as af unctional group, can borrow basis functionf rom another nearbyp art. This leads to the concept of intramolecular BSSE (IBSSE). [35, 36, 37] Au niform and clear definition of the IBSSE is missing, buti ts influence on energetics and structures of molecules has been recognized.
The BSIE is an inherent problem of any finite BS expansion. It leads to insufficient descriptionso fp hysical effects such as Pauli repulsion, electrostatics and polarization, and thus, often to as ystematic lengthening of bonds. [38] In practice, BSSE and BSIE are not strictly distinguishable, but we will focus on the effects due to BSSE in the following sections.
Though one should try to minimize the BSSE (corresponding to the 'green areas' in Figure 2 ), as mallB SSE is not as ufficient criterion for ag ood basis set. Am inimal BS, for instance, has ar elatively small BSSE, but cannot describe certain physical effects like polarization well. Furthermore, additional basis functions do not automatically lead to am ore complete basis. They need to have the proper shape, which is an ontrivial requirement, and basis set optimizations have been carried out for decades. We typically find the Ahlrichs sets optimal for molecular SCF-type calculations, and they have been only slightly adjusted ando ptimized for composite methodsl ike PBEh-3c. [39] Similarly,t he amount of HF exchanges hould not be increased too much to lower the BSSE because this would eliminate the account of important (static)e lectron correlation effects. The correcte lectron density can be bestr eproduced with am edium amount of HF exchange (about 20 %t o5 0%), but other options (GGA or plain HF) can have advantages, too.
The second major shortcoming of common HF and (semilocal) DFT approximations is the inherent lack of ac orrect descriptiono ft he London dispersion energy.F or large interatomic distances > 4.5 , the interaction between atoms or comparably nonpolar molecules is dominated by long-range correlation effects, called Londond ispersion. This type of interaction has a ÀC 6 /R 6 distance dependencea nd is not included in any semi-local exchange-correlation functional. Modern density functionals exist, [40, 41] which include correlation effects in the medium-distance regime (2.5 to 4.5)t oastrongly varying degree, but they do not provide the correct asymptotic behavior.T he inclusion of London dispersion interactions in the mean field HF and DFTf ramework can be achievedb ym ainly three strategies. The first one is the construction of an onlocal density functional correlation kernel (DFT-NL) often referred to as van der Waals density functional vdW-DFo ri ts simplified variant VV10. In vdW-DF,t he dynamical charged ensity response functioni sa pproximatedb yl ocal dipole modelsw hich leads to tractable integral formulations. The VV10 method has especially been shown to yield reasonablyg ood geometries and reasonably accurate binding energies. [42, 43, 44] While these special nonlocalf unctionals can, in principle, also be evaluated in small basis sets, this combination is rarely applied, and in the present Review we focus on inherently more efficient methods. The above-mentioned local response can be partitioned to atomic contributions leading to semiclassical London dispersion corrections. In the modern variants, the computed leadingo rder dispersion coefficients are used to compute higher order contributions as done in the D3 [45] (see below), exchange-dipole (XDM), [46, 47] and many-body dispersion (MBD) models. [48] In contrastt ot he first two approaches, modified effectiveo ne-electron potentials do not describe the correct physical origin of Londond ispersion forces. However,t hey can be trained to mimic these interaction to some degree as shown by the dispersion correcting potentials (DCP). [49, 50] The reason why small BS DFT (or HF) calculations like B3LYP/ 6-31G* can perform surprisingly well is immediately recognized when lookinga tt he two largest error sources and their (partial) compensation. The first one is the BSSE which leads to too strongly bound complexes, while the second flawi st he missing Londond ispersion energy resulting in too weak interactions. The prerequisite for af avorable error compensation is that dispersion and BSSE are of similar magnitude in as ufficientlyl arge distance regime. However,t his does not hold in general due to the fundamentally different functional dependence of BSSE andd ispersion with respectt ot he distance separation, (exponential vs. R À6 )w hich is highlighted in Figure 3 . We have calculated the dispersion and BSSE contribution for the S66 8 set (66 molecular dimers at eight different centero f www.chemistryopen.org mass distances) with DFT-SAPT (symmetry-adapted perturbation theory) [51, 52] and the Boys-Bernardi method,r espectively, at the PBE0/SV(P) level. While the two contributions roughly cancel each other on average (bars, right plot), the individual values for the complexes have as ignificant scatters howing that either dispersiono rB SSE can dominate. It is clear that systematically accurate resultsc annot be obtained if both contributions are not properly included.
If we assume that BSSE and Londond ispersione ffects cancel precisely at the equilibrium distance of the stacked benzene dimer,t his cannoth old for non-equilibrium distances (compare with Figure 4 ). Thus, for reliable results, one needs to correct for both dispersion and BSSE at the same time. In the followings ection we will present an overview over existing methods that were designed for that purpose and are used in combination with HF or DFT.
These correctionsd irectly determine the energy and the geometry of ag iven molecule and thus, indirectly also influence other properties, like the chargep opulation, the chemical shift, the dipole moment, or the gap between the highest occupied and the lowest unoccupied molecular orbital. However,i f as mall basis set is, for example, lacking the necessary amount of polarization and diffuse functionst oc orrectly calculate the dipole moment, the BSSE correction cannotrepair this.
3Methods Treating Dispersion and BSSE
One possibility to include Londond ispersione ffects in DFT calculations is to correct the long-range interaction by atom-centered potentials, so called dispersion-correcting potentials (DCPs). [50, 53, 54] Though the correct physicalt erms leading to the London dispersion interaction (zero point energy of coupled frequency-dependent polarizabilities) cannotb ed escribed by DCPs,t heir mathematical form, togetherw ith parameter adjustment,c an empirically capture attractive dispersion-like forces to ar ather high degree. The DCPs designed by DiLabio et al. resemble traditional effective core potentials (ECPs) and are similar to the earlier plane-wave approach proposed for periodicD FT by Lilienfeld et al. [49, 55] The general idea is to use as et of reference data and fit the interactionw hich is not covered by the density functional into additional atom-centered potentials. These potentials need ah igh degree of flexibility and should distinguish atoms in different hybridization states.
Typical potentials U l (r)a re composed of atom-centered Gaussian-type functions and have the following form:
where l is the angular momentum, N l corresponds the number of Gaussian functions, n li is the power of r (electron-nucleus distance), c li is the coefficient of the Gaussian function, and x li is its exponent. Note that while the BSSE is anegative quantity which has the same sign as the stabilizing dispersione nergy,the plottedC Pcorrection is positive (repulsive). Figure 4 . Sketch of the error compensation between BSSE correction and dispersion.Int his example for the noncovalently bound benzene dimer,w e assumet hat they are balanced at the intermolecularequilibriumdistance. This is not the case for smaller or larger distances due to the different distance dependence of BSSE and dispersion.T he BSSE decays exponentially whereas dispersiond ecreases slower with R
À6
. For B3LYP-DCP [53] the n li are fixed to the value of two,a nd the exponentsa nd coefficients were optimized for as et of 16 noncovalentlyb onded dimers. Twos ets of DCPs have been developed:o ne intended for use with aC Pc orrection and one for use without. The latter also compensate for the BSSE to as ignificant extent. Thus,B SSE and dispersion are treateds imultaneously but the correct R À6 asymptotic behavior of the London dispersion is not met (though this is in principle possible by ac omplete expansionwith all orders in N l ).
The advantage of this approachi si ts simple implementation and that DCPs can be used with any computational chemistry program package that can handle ECPs. The corresponding exponents and coefficients for each elementa re provided in the input files, and no modifications of the program itselfa re necessary.F urthermore, with the use of DCPs or relateda pproaches, dispersione ffects are included on the electronic structure level, and the electron density can adjust to thesee ffects. Ad isadvantage in particular for large systems is that the incorporation of DCPs into the self-consistentf ield (SCF) procedure often increases the number of cycles neededf or convergence and, hence,t he overall computational time. Another drawback is that aD CP has to be fitted fore ach element in combination with as pecific density functional and ag iven BS. For each element, one has to gather enough reliable reference data, which can be difficult when aiming at an extension to heaviere lements. Currently,f or smallD Zb asis sets, which are the focus of this Reviewa rticle, DCPs are availablef or the elements H, C, N, andOand the B3LYP functional. [53, 54] They are suitable for the 6-31 + G(d,p) basis set or larger,b ut the use of 6-31 + G(2d,2p) is recommended. The first DCP for the carbon atom neededt ob er evisedd ue to the too large exponents that hampered the correct description of CÀCb ond breaking or bond formation and with the revisedD CP,n oncovalent interactions and covalent chemical reactions are described with similar accuracy. [54] We will refer to and use these improved DCPs throughout this article.
In the originalp ublication, the performance of B3LYP-DCP/6-31 + G(2d,2p) for noncovalent interactions was tested on several benchmark sets, and we will give here only some examples. Its accuracy for the S66 [34] test set of small noncovalently bound dimers is excellent. The mean absolute deviation (MAD) of the binding energies compared with the reference is only 0.19 kcal mol
À1
.F or comparison, B3LYP-D3(BJ) with the quadruple-z basis set def2-QZVP yields an MAD of 0.28 kcal mol À1 . [56] For the HSG [57] set of 21 dimers and trimers whicha re present in the complexo ft he inhibitor indinavir and HIV-II protease, the performance is also encouraging. The MAD compared to the revisedr eference values (HSG-A [58] )i s0.16 kcal mol
.F urthermore, B3LYP-DCP/6-31 + G(2d,2p) was applied to the S12L [59] set of supramolecular complexes. One out of the 12 complexes contains aC la tom, and anothero ne involves Fe. As no DCPs exist for Cl and Fe, these atoms were left uncorrected. The final MAD for the S12L set is 2.6 kcal mol
.T his result is similart ot hose obtained with PBE-D3 or PBE-NL in combination with def2-QZVP (2.1 and 2.3 kcal mol À1 ,r espectively). [60] Overall,t hesee xamples show,t hat B3LYP-DCP/6-31 + G(2d,2p)a samethod on the double-z level can provide results of quadruple-z quality. Its good performancew as confirmed by Goerigk who compared B3LYP-DCP,B 3LYP-NL, and B3LYP-D3(BJ) in combination with the 6-31 + G(2d,2p) basis set for noncovalent complexes, relative energies of conformers,b asic properties, and reaction energies. [61] An overall comparison revealed B3LYP-NL as the most robusta nd accurate approach, closely followed by B3LYP-D3. However,f or these two methods, the influence of BSSE effects on the binding energies of noncovalently bound complexes can be larger than it is the case for B3LYP-DCP.F urthermore, it was verified thatt he revised DCP for carbon actually does improvet he overall performance, though the change for electron affinitiesa nd ionization potentials is negligible.
Recently,t he DCP scheme wasc oupledt othe atom-pairwise D3 dispersion correction( see below) for the BLYP functional and the 6-31 + G(2d,2p) basis set. [62] In this BLYP-D3-DCP approach,t he exponentso ft he DCP tend to be larger than those for the ones developed previously.T hus, they mostly have an impact on the electron density close to the nuclei and mainly influence the covalently bonded parts. This is reflected in the large improvementf or barrier heights compared with BLYP-D3 but only smalle nhancements for noncovalent interaction energies. This result also indicates that typical GGA problems like the self-interaction-error( SIE) can be corrected with DCP (see also refs. [63, 64] ).
Ad ifferent approachi st he combination of ad ispersion correction and aC Pc orrection, which are developed independently from each other,b ut which are simultaneously employed in ac alculation. For the treatment of London dispersion, we use our efficient semiclassical D3(BJ) correction [45, 65] that can simply be added on top of ac onverged standard DFT or HF calculation. For reviewsa nd overviews of other state-of-the-art dispersion corrections see refs. [23, 24, 25] .W ithin the D3(BJ) scheme, the energy contribution is calculated as as um over all atom pairs AB
where, C AB n denotes the averaged coordination-number dependent (isotropic) n th order dispersion coefficient for each atom pair AB.T he order n equals 6a nd 8, introducing an R À6 AB longrange and an R À8 AB medium-range term. The s n are the global scaling factors. For commond ensity functionals, s 6 is usually set to unity to ensurethe correct asymptoticb ehavior, whereas s 8 is optimized for each functional. f(R AB 0 )i st he damping function as introduced by Becke andJ ohnson [68, 66] f ðR
with the fitting parameters a 1 and a 2 ,a nd the cut-off radii
or simplicity we will refer to D3(BJ) (which is the current default for the method) as D3 in the following. An Axilrod-Teller-Muto (ATM)-type three-body (dipole-dipoledipole)t erm is also available in the D3 code including its analytical derivatives. [67, 68] The importance of many-body dispersion interactions has been recently analyzed by various groups, [69, 70, 71] butisn ot in the focus of this Review. The D3 dispersion correction can, in principle, be combined with any BSSE correction,f or example, with the standard BB-CP procedure. In this scheme, however,the computational cost quickly increases for larger complexes because full BS calculations for the fragments have to be conducted. If each atom is considered as an individual fragment, one can define an atomic counterpoisec orrection (ACP) [72] where a denotes the regularb asis set and as is as ubset of a which always includes the regular basis function on A.F or the intramolecular case, this subset furtheri ncludes all basis functions from atoms x bonds apart, and for the intermolecular case, it contains all basis function of the other monomer. When all basis functions of the whole systema re included in the subset, the ACP(1)c orrectione quals the CP aa correction published earlier by Galanoa nd Alvarez-Idaboy. [73] These BSSE corrections have ah ighly reduced computational cost andt he advantage to treat inter-and intra-moleculare ffects conceptually on the same level. Unfortunately,t hese approaches lack the availability of nuclear gradients. Therefore, we recentlyd evelopedageometrical counterpoise correction( gCP) [74] that solely dependso nt he molecular geometry.I tp rovides af ast, conceptually simple, but physically reasonable energy andg radient correction for the BSSE in largem olecules and condensed phase systems.
Within the gCP scheme, the differencei na tomic energy E A miss between al arge, nearly complete BS and the target basis (here DZ) is calculated (and tabulated) for each atom at the HF or B3LYP level and used as am easure for the BS incompleteness. The E A miss are then multiplied with ad ecay function depending on the interatomic distance R AB and summed up over all atom pairs AB
where a, b,and s are functionaland BS-specific fitting parameters. As the density has an exponential tail, the decay function is exponential. Due to the strong dependence of the BSSE on the charge density overlap in SCF methods, this function is normalized by the square-root of the Slater-overlap S AB times the number of virtual orbitals N B virt on atom B. Theo verlap integrals S AB are evaluated over single s-type orbitals centered on each atom using optimized Slater exponents and weighted by the last fitting parameter h.T he fit was performed for HF and B3LYP together with the target basis set on the S66 8 test set. [34] Standard BB-CP corrected interaction energies for the respective method were employed as reference values. The accuracyg ained by ar efit for different density functionals is negligible and thus, the use of the B3LYP parameters is recommended for commonGGA or hybrid functionals. One advantage of the D3-gCP combination is its availability for almost all elements in the periodic table, and the existence of analytical nuclear gradients. Furthermore, the scalingb ehavior with system size is low,a nd the computational prefactor is small. This results in very fast computations even forthousands of atoms. Another benefiti st hat the corrections can simply be added on top of any DFT or HF calculation without need for aspecific implementationinto aprogram package. Adrawback is the semiempiricalc haracter of both corrections andt hus, the need for ap arameter fit for every functional in case of D3 and each functional/BSc ombination in case of gCP.H owever, as mentioned before, the gCP dependence on the functional was found to be negligible and, hence, only adjustments for each basis set and for HF or DFTh ave to be made. In addition, the corrections do not depend on the density and thus, the electronic structure is not directly affected, though, an indirect effect due to the altered geometry is present.
Note, that in general, the gCP scheme can be combined with any dispersionc orrection. One example is ar ecent publication by Yoshida et al.,w ho used gCP for HF/6-31G(d) together with their own dispersion correction to describe the HIV1p rotease and its potent inhibitor KNI-10033. [75] The good performance of DFT-D3-gCP/DZ and HF-D3-gCP/DZ for noncovalent interactions was already noted in the originalg CP publication. The gCP correction is able to provide ar easonable estimate for the intermolecular BSSE with an error of 10-30 %. For the S22 benchmark set [76] for example, PW6B95-D3-gCP/def2-SVP yields an MAD of 0.84 kcal mol À1 fori nteraction energies. In case of B3LYP/6-31G*, the MAD can be reduced from 2.67 to 0.88 kcal mol À1 upon application of both the D3 and gCP correction. Geometry optimizationso ft he S22 complexes showed that B3LYP-D3-gCP/6-31G* as well as HF-D3-gCP/SV reproduce the reference structures well. In case of 9-helicene the nonbonded C-C distances can be accurately computed with HF-D3-gCP/SVw ithin af ew pm. [74] Somewhat unexpectedly,o fa ll variousm ethod/basis set combinationst ested, HF-D3-gCP/ MINIS performs particularly well for noncovalent interactions.
In ar ecent publication, the shortcomings of the B3LYP/6-31G* model chemistry,a se xplained in the previouss ection, were analyzed and it was shown that D3-gCP can account for the major deficiencies and that B3LYP-D3-gCP/6-31G* yields reasonably accurate thermochemical results. [19] Benchmarkc alculations on the generalm ain group thermochemistry,k inetics, and noncovalent interaction meta-database GMTKN30 [5] showed as tatistical improvement when both corrections are used. Thew eighted MAD decreased from 8.8 (B3LYP/6-31G*) to 6.9 kcal mol À1 (B3LYP-D3-gCP/6-31G*). It was statistically confirmed that the partial error compensation of missing dispersiona nd BSSE in plain B3LYP/6-31G* is unsystematic and depends on the chemical nature of the system at hand. The improvement gained with the D3-gCP scheme is largest for systemst hat exhibit noncovalent interactions, but reactione nergies and barrier heights are also improved. Goerigk andR eimersu sed DFT-D3-gCP/DZ and HF-D3-gCP/ DZ for geometry optimizationso fs everal test sets which aim at describing important interactions in protein structures. [77] Various functionals as well as HF in combination with different DZ basis sets wereemployed for the P26 test set, [78] in ordert o investigate their performance for conformers of five tri-peptides containing aromatic side chains. For the 6-31G* basis withouta ny correctiona sa ne xample, structuralR MSDs around0 .5 a re observed. When only gCP is employed the RMSDs rise, and with solely the D3 correction the RMSDs drop significantly.W hen the combined D3-gCP scheme is used, the RMSDs decrease to values of about 0.15 , which are slightly higher than those with the D3 correctiono nly.I ts eems that in this specific case without gCP,afortunate error compensation occurs which,h owever,d oes not hold in general as discussed above.
Martinez et al. showedt hat uncorrected DFT or HF with DZ basis sets can yield good geometries for small proteins.
[79] They compiled as et of 58 proteins with up to 35 residues (up to 600 atoms) and compared their results to experimental X-ray or nuclear magnetic resonance derived structures. The ab initio methods HF and wPBEha re able to provide geometries of the same quality as highly parametrized force fields and are consistently better at reproducing experimental structures for proteins with disordered regions,j udged by standard health metrics.
Reimers et al. optimized ap ortiono fa ne nsembleo fc onformationally flexible lysosomes tructures by ad ivide-and-conquer approach and compared their results with X-ray crystallography data. [80] The functionals BP86 and B3LYP,a sw ell as HF,w ere employedt ogether with the 6-31G* basis set and in combination with the D3-gCP scheme. Regarding the all atom RMSD and the R-factor,the best and mostconsistent structures are obtained when both the D3 and the gCP correction are used. Compared to the uncorrected methods, employing only D3 gives similarr esultsa nd only gCP yields worse values. This observations resemble the ones made for small peptides [77] and again show that one cannotr ely on error compensation effects.
Extension of the gCP correction to periodic HF/DFT calculations enables the use of the D3-gCP schemef or molecular crystals. [81] The correctionsw ere appliedt oP BE and B3LYP for the X23 molecular crystal test set [82] and decrease the MAD of the sublimation energies significantly by more than 70 %a nd 80 %, respectively,t os mall residual MADs of about 2kcal mol À1 (corresponding to 13 %o ft he averages ublimation energy). Furthermore, variation of the interlayer distances for graphite yielded ap otential energy surface that is very close to the converged basis set reference anda greesv ery wellw ith experimental stacking distances.
Up to now,D 3a nd gCP have been fitted independently of each other,b ut applieda tt he same time in ac alculation. The effect of fitting both corrections together was briefly tested for HF-D3-gCP and showed small improvements over the independentf it, mainly due to removing redundancies in the potentials. [74] We introduced two composite methods that also make use of thesec orrections, but which weref itted or adjusted in the presence of each other and thus are suggested as one composite approach with af ixed basis set. As we noticed the good performance of HF-D3-gCP/MINIS for noncovalenti nteractions during the development of the gCP correction, we proposed HF-3c, am inimal basis set Hartree-Fockm ethod with three atom-pairwise corrections:D 3, gCP,a nd an additional term, which corrects for short-range basis set (SRB) incompleteness effects. [83] The six parameters of the gCP and D3 correction terms weref itted together on the S66 test set and were kept constant in the subsequent fitting procedure of the third SRBt erm. This composite method corrects for both dispersion and BSSE and is suggested as an alternative to semiempirical methodso rD FT,i np articularw hen SIE is acute. HF3c yields reasonable noncovalent interaction energies and good geometries of small organic molecules, as well as supramolecular complexes ands mall proteins. [83, 84, 77] As this Review focuseso nD Zb asis sets, we will not discuss this method further.
Ar elatedc omposite approach is our recently developed PBEh-3cm ethod, ag lobal hybrid functional with aD Zb asis set, that is meantt of ill the gap between existing semiempirical methods or HF-3c and large basis set DFTw ith respect to the cost-accuracy ratio. [39] The term '3c' indicates its relation to HF-3c, and the corrections are as lightly modifiedg CP,D 3, and minor modifications to the def2-SV(P) BS (dubbed def2-mSVP) for boron to neon in order to ensure consistent bond lengths for all elements. PBEh-3cy ields accurate geometries which were verifiedf or smallm olecules as well as mediums ized molecules, noncovalently bound complexes,a nd molecular crystals. The overall deviations from reference structures are tiny and practicallyo fM P2/def2-TZVPP quality,w hile the geometries are obtaineda tam uch lower computational cost (speedup of af actor of 50-100). All other DFT/small BS methods tested yielded larger deviations. For the S22 set of noncovalent complexes PBEh-3c agrees well with the MP2 reference geometries,t he meand eviation (MD) for intermolecular center-ofmass distancesi so nly 3pm. For molecular crystals, the PBEh3c accuracyf or geometries in the X23 and ICE10 [85] sets approaches TPSS-D3/'large BS' results. The mean absolute deviations in the computed unit cell volume are 2.7 %a nd 5.0 %, respectively,f or X23 and ICE10. Although PBEh-3cw as mainly designed for the computation of structures, it yields reasonable resultsf or thermochemistry,b arrierh eights, and general noncovalent interactions. Clearly,due to the small BS, the accuracy of dispersion-corrected hybrid DFT in aQ Zb asis set cannotber eached.
4C omparison of Methods for Noncovalently Bound Systems
In the following section, we will compare the performance of the various discussed methods for somee xemplary noncovalently bound systems. We chose HF,H F-D3-gCP,B 3LYP,B 3LYP-D3-gCP, B3LYP-DCP, M06-2X, and PBEh-3c. The def2-SV(P) basis set will be applied in all cases (modified for PBEh-3c), except for B3LYP-DCP where the 6-31 + G(2d,2p) basis will be used. An www.chemistryopen.org overview of the capability of these methodt ot reat dispersion and BSSE is provided in Ta ble 1.
Noncovalentinteraction energies
The accuracy for noncovalent interaction energies of the aforementioned methods was tested on several benchmark sets. We chose three sets for the interaction of small to medium sized systems (WATER27, [86, 87] S22, [76, 58] S66 [34] ), two sets for large ands upramolecular systems (L7, [88] S30L [84] ), and two test sets for molecular crystals( ICE10, [85] X23 [89, 82] ). For each test set one exemplary system is depicted in Figure5. The WATER27 test set contains 27 neutral andc harged water clustersw ith up to 20 water molecules. The S22 set consists of 22 noncovalently bound model complexes that show hydrogen bonding, dispersion interactions, and mixed electrostaticdispersion binding motifs. The S66 8 test set is similart oS 22 but with less emphasis on nucleobases. Furthermore, reference geometries and energiesa re provided at eight different distances of the monomers, which allows the extraction of the minimum of the intermolecular potential energy surface (PES) of ag iven methodv ia an interpolation procedure. The reference energies for these three sets refer to the estimated CCSD(T)/ CBS level of theory.F or the S22 we use the revised values by Sherille tal. [58] For the (H 2 O) 20 complex contained in the WATER27 set we use the reference values computed on the incremental CCSD(T)(F12*) j MP2-F12 + DMP2 level by Friedrich. [87] The L7 test set comprises seven larger,m ostly dispersion-stabilized complexes of organic molecules.W eu se the revised referencev alues on the estimated DLPNO-CCSD(T)/CBS*l evel of theory. [90] The S30L set is an extension of the S12L set, [59, 60] which was the first test set for large host-guest complexes. It contains3 0realistic host-guest complexes with charges from À1t o+ 4a nd up to 200 atoms, featuring various typical noncovalentb inding motifs like hydrogen and halogen bonding, p-p stacking, nonpolar dispersion, CH-p,and cation-dipolar interactions. The reference association energiesa re back-corrected valuesf rom experimentally measured association free energies. ICE10 includes ten ice polymorphs and X23 compiles molecular crystalst hat show mainly van der Waals or hydrogen bondingo ramixture of these two interaction motifs. For these two sets the reference lattice energies were derived from experimental values which are further corrected for zeropoint vibrational and thermaleffects.
As the absolute interaction energies differ by almost three orders in magnitude, we give meana bsoluter elative deviations (MARDs in %) from the reference energies for all test sets and methods in Figure 6 . Because of SCF convergencep roblems for some molecularc rystals, the HF resultsf or the periodic benchmarks were omitted. The values are color-coded as suggested by Martin [91] in order to provide an easy overview and the best two methods for each test set are highlighted.
As expected, the plain B3LYP functional or HF without any corrections cannot properly describe noncovalenti nteractions. Alreadyf or small systems contained in the WATER27, S22, or S66 8 sets huge MARDso f5 0t o8 0% are obtained.I nm any M06-2X no (yes) [c] PBEh-3c yes yes
[a] B3LYP-DCP is used with the 6-31 + G(2d,2p) basis set, all otherm ethods with the def2-SV(P) basis set (modified in case of PBEh-3c).
[b] BSSE and dispersion are treated togetheri no ne ECP leading to the wrong asymptoticb ehavior for the dispersioni nteraction.
[c] The dispersion interaction has the wronga symptotic behavior. Figure 6 . Mean absolute relative deviations (MARDs, in %) for different methodscomparedw ith the reference values for several test sets. MARDs below 15 %a re color-coded in green, those below 30 %iny ellow,and those higher than 30 %i nred. For each set, the two best performingmethods are highlighted. PBEh-3c includes the ATMt hree-body dispersion term by default;f or B3LYP-D3-gCP and HF-D3-gCP it was included for the large systems (L7 and S30L test sets). In case of B3LYP-DCP,two systems of the S30L were omitted due to missing functions of the 6-31 + G(2d,2p) basis set for iodine, and for X23, eight systems had to be disregard due to SCF convergence problems. www.chemistryopen.org cases, these methods yield unboundc omplex states. The same is observed for the supramolecular test sets and the MARDs for L7 and S30L are even larger (80 to 160 %). The performance of B3LYP for the ice polymorphs is similar to the molecular WATER27 set. For both the MARD is about 60 %. Surprisingly, the MARD for the X23 set of molecular crystals is with 34 % much smaller than the corresponding valuesf or the S22 and S66 8 sets (about 60 %), and the performance is actually similar to M06-2X and B3LYP-DCP.F or the mixed hydrogen-bonded crystals, the error compensation between missing dispersion and neglected BSSE in plain B3LYP is ratherg ood around the corresponding equilibrium geometry.W hile this explains the slightly smaller error compared to the other test sets,this compensation does not hold for stronger hydrogen bonding (significant overbinding of the various ICE10 polymorphs due to dominant BSSE) nor forp urely London-dispersion-bonded X23 systems(significant underbindingd ue to missing dispersion interaction). When the D3 andg CP corrections are added, the plain HF and B3LYP results can be improved tremendously.I nc ase of HF,n oi mprovement is observed for the WATER27 set, but for all others the MARD for HF-D3-gCPd rops to 15 to 25 %w hich is very reasonable for such as imple method. For B3LYP-D3-gCP the enhancementf or WATER27 and ICE10 is much smaller than fort he others ets, but still, the MARD is reduced from 60 %t oa bout 35 %. Very good resultsa re obtained for the S22, S66 8,L 7, S30L, and X23 test sets which have MARDs of 10 to 14 %. Compared with B3LYP-D3 with the large def2-QZVP basis set, the MARD for B3LYP-D3-gCP/DZo nt he S22 set is doubled (6.2 % [5] vs. 13 %). If aT Zb asis like def2-TZVP is employed, the MARD for the S22 is 11 %w hich indicatesr emaining BSSE. Adding the gCP correction for the TZ basis set decreasest he MARD to 7% which is similar to the value obtained with the QZ basis set. For the large supramolecular complexes, B3LYP-D3-gCP/DZy ields equallyg ood values or even better results than B3LYP-D3/QZ. TheM ARD for the S30L set is 13.8 % for B3LYP-D3-gCP/DZ and very similarf or B3LYP-D3/QZ (13.2 % [84] ). For the L7 set, B3LYP-D3-gCP/DZ yields an MARD of 13.6 %, which is less than half of the value for B3LYP-D3/QZ (32.5 % [88, 90] ). If DCPs are used for B3LYP instead of the D3-gCPc orrection, the behavior is very different. First we note the extraordinary good performance for the water-containing systems. The MARD of B3LYP-DCP is 9.4 %f or WATER27 and 1.1 %f or ICE10. Even with large basis set dispersion-corrected DFT calculations, it is difficult to reach this accuracy. This can partially be attributed to the basis set (6-31 + G(2d,2p)) which contains two sets of additional polarization functions, as well as ad iffuse set of sp-functions on nonhydrogen atoms, which is known to be important for theses ystems. [5, 86, 87] Therefore, the number of basis functions per atom is more comparable to aT Zb asis and much larger than in def2-SV(P). The B3LYP-DCP results for S22 and S66 8 are also very good and the MARDs of 7.7a nd 0.5 %, respectively,a re the lowest ones reported here. The MARD for S22 is very close to the already mentioned B3LYP-D3/QZ result (6.2 % [5] ). For large systems, however, the performance of B3LYP-DCP deterioratess ignificantly.T he MARDs for the S30L and L7 sets are 39.2 and 27.9 %, respectively.A lthought hese values are about three times smaller than those for plain B3LYP,t hey are still about three times larger than for B3LYP-D3-gCP.F or the X23 set there is no improvement compared to plain B3LYP.B oth MARDsa re about 35 %, which is again three times as large compared to B3LYP-D3-gCP.
Finally, we discusst he recently published composite method PBEh-3c. [39] Its overall performance for all test sets is very good, and consistent accuracyf or smalla sw ell as large complexes is evident. The MARDs for the S22, S66 8,L 7, S30L, and X23 sets are found to be in the range of 8t o1 3%.T he performance for WATER27 and ICE10 is worse;t he MARDs are about 20 %. This indicates that the applied corrections cannot repair the higher basis set requirements in condensed hydrogen-bonded systems compared with only medium polar dimers. But nevertheless, the similar MARDsf or WATER27 and ICE10 as well as S22/ S66 8,L 7/S30L, and X23 showt hat PBEh-3c treats the noncovalenti nteractions in small, large and periodic systems with the same accuracy. PBEh-3c is always one of the two best performing methods on any test set. The others are either B3LYP-DCP (WATER27,S 22, S66 8,I CE10)o rB 3LYP-D3-gCP (L7, S30L, X23).
As this article mainly focuses on large systems, ac loser look to the supramolecular complexeso ft he S30L set is appropriate. The association energies DE range from À17.4 kcal mol .S omewhat surprisingly,t he errors are also large (> À10 kcal mol
À1
)f or most of the hydrogen-bonded systems( 17, 19 to 21). As seen before,B 3LYP-DCP performs exceptionally wellf or the WATER27 and ICE10 sets, the hydrogen-bonded dimers in S22/S66 8,b ut seems to fail for hydrogen bondsi nt hese supramolecular complexes.F urthermore, the errors are large (À8t oÀ14 kcal mol À1 )f or some of the pp-stacked systems( 5, 7 to 10). The complexes 25 and 26 which also exhibit p-p-stacking as major interaction show as imilar error.A pparently,f or the small systems( on which the DCPs are fitted), the descriptionofd ispersion and the compensation for BSSE are reasonable, and accurate resultsc an be obtained. For these large supramolecular complexes,t he balancing of dispersion effects and BSSE is different, whichi sd ifficult to describe by ac orrection potential lacking the correctp hysics. As explained above, missing dispersion resultsi nt oo weakly and BSSE in too strongly bound complexes.B 3LYP-DCP overestimatest he binding energy for all host-guest complexes and thus, the remaining BSSE seems to be the major error source.W hether the diffuse functions in the 6-31 + G(2d,2p) basis playa na dditional negative role in the larger systems due to amore long-ranged BSSE is currently not clear.
The largeste rrors for plain M06-2X (À10 to À19 kcal mol Thus, M06-2X seems to have less trouble to accurately describe hydrogen-bonded complexes than to reproduce the reference values for the p-p-stacked systems. As the MARD for S30L is similar to that of S22a nd even better than for S66 8 ( Figure 6 ), the incorrect asymptotic treatment of the London dispersion seems not to be am ajor error source. Much more problematic is the unaccounted BSSE, and therefore, binding energiesa re overestimated. When aT Zb asis is used, the MAD drops to 2.5 kcal mol À1 and the MD is just 1.4 kcal mol
,i ndicating underbinding duet ot he missing long-range dispersion contribution. [84] When dispersion and BSSE are both separately accounted for,asi tis in B3LYP-D3-gCP and PBEh-3c with two different potentials,t he errors decrease substantially.F or B3LYP-D3-gCP the largest errors of À12 to À21 kcal mol À1 are observedf or complexes 9 to 12.F or PBEh-3c the complexes 11 to 13, 22, and 24 show the largeste rrors of 6t o9kcal mol
.B 3LYP-D3-gCP and PBEh-3c reach MDs of À1.6 to À0.1 kcal mol À1 ,respectively,i ndicating small to almost no systematic overbinding. Compared with M06-2X and B3LYP-DCP,t he MAD values for B3LYP-D3-gCP and PBEh-3ca re with 4.7 and 3.4 kcal mol
,r espectively,m uch lower.F or comparison, the previousb est results for S30L were obtained with PW6B95-D3/def2-QZVP, which yields an MAD of 2.4 and an MD of À0.1 kcal mol À1 . [84] B3LYP-D3/def2-QZVP is one of the worst performers at the large BS level and has an MAD of 4.1 and an MD À2.7 kcal mol À1 . [84] Thus, B3LYP-D3-gCP is able to provide close to QZ quality resultsb ut at as mall fraction of computational cost, and PBEh-3c almost approaches the accuracyo fP W6B95-D3/ QZ. These examples show clearly how important it is to properly and consistently treat both dispersiona nd BSSE in large systems.
In Figure 8 , we summarize the different contributionst ot he binding energy of the S66 dimers (minimum extracted from S66 8 potentials) for the HF and B3LYP methods evaluatedi n ad ef2-SV(P) basis set with and withoutc orrection schemes. We show the statistics of the deviations to CCSD(T)r eferences as normale rror distributions. The behavior of HF and B3LYP mean-field methods is very similar, whichi st ypical for purely noncovalent interactions. Without any correction, the error spreadi sl arge (broad distribution) with as light systematic underbinding. When only the gCP correction is applied, the error www.chemistryopen.org spread decreases, but the underbindingi si ncreased. The sole application of the D3 correction leads similarly to as maller error spread and as ystematic overbinding. Only the combination of both schemes leads to an excellent agreement with the reference data with MAD of 0.8 kcal mol À1 and 0.6 kcal mol
for HF-D3-gCP and B3LYP-D3-gCP,respectively.
Structures of noncovalentlyb ound systems
In the following, the accuracy of the methods for optimized structures of noncovalent complexes is evaluated. As examples for small systems we chose the S22 and S66 8 sets that were already employedf or the interactione nergiesa sw ell as the P26 [78] set, which contains different conformers of four peptides. For S22a nd P26, the reference geometries were calculated on the MP2/TZl evel of theory,a nd the root means quare deviation (RMSD) of the heavy atom positions, as well as the deviation of the intramolecular center-of-mass distance of the monomers, are used as performancem easures. For the S66 8, the PES is used to determinet he optimal intramolecular center-of-mass distance of the monomers, and therefore, the CCSD(T)/CBSlevel of theory is the reference as conducted similarly before. [39, 92] For the supramolecular systems, we face the problem that there are no reference geometries available. The L7 and S30L systems wereo ptimizedo nt he TPSS-D3/TZ level of theory,w hich is certainly ag ood choice but not accurate enough to serve as ar eference. In order to show exemplary the influence of London dispersiona nd BSSE in large supramolecular complexes,s ystem 5 from S30 La nd the phe complex from L7 were reoptimized on the TPSS-D3/def2-QZVP(-g/f) level, andthesestructures were used for comparison.
For the molecular crystal test sets ICE10 and X23, the reference geometries refer to experimental X-ray data whicha re isotropically corrected for zero-point vibrational and thermal effects. [85, 39] Here, we use the deviation of the unit cell volume as measuretoevaluatet he accuracy of the tested methods. Figure 9d epicts the geometries of two exemplary systems, the p-p stacked and hydrogen-bonded cytosine-uracil base pair,a so btainedw ith the DFT methods in comparison with the reference structures. The resultsf or HF and HF-D3-gCP are similart oB 3LYP and B3LYP-D3-gCP and, therefore, these geometries are not shown.
One can see immediately, that plain B3LYP cannote ven qualitatively correctly reproduce the p-p stacked structure (Figure 9, top) . As the London dispersion is completely missing, the p-p stacked dimer is not am inimum on the PES, and the optimization leads to the hydrogen-bonded structure. In contrast, all other four methods which include dispersion effects can describe the p-p stacking. B3LYP-DCP and PBEh-3cy ield the most, and B3LYP-D3-gCP the least accurate structure. The missing dispersion terms in plain B3LYP are less problematic for the hydrogen-bonded dimer because hydrogen bonds are mainly caused by electrostatic and induction interactions which most density functionals cover rather accurately. Thus, for the hydrogen-bonded dimer,p lain B3LYP yields ag eometry which is as good as with M06-2X and even slightly better than the B3LYP-D3-gCP structure. Again, B3LYP-DCP and PBEh-3c have the smallest RMSD compared with the reference.
Ta ble 2p resentst he statistical data of the S22, S66 8,a nd P26 test sets for small systems. The two best performing methods for each set are highlighted, and the data are convertedt o normalerror distributions in Figure 10 .
In general,p lain B3LYP and HF cannotc orrectly reproduce the structures. Especially,w hen p-p stacking or nonpolar dispersion interactions are involved, these methods yield ap ractically unbound geometry or ad ifferent conformation, like the hydrogen bondedd imer in the example showna bove.T hus, the mean (absolute) deviations for the intermolecular centerof-mass distances R CMA for the S22 and S66 8 sets, as wella s the heavy atom positions in the S22a nd P26 sets, are unacceptably large. When the D3-gCP corrections are added, the MDs and MADs for the R CMA of about 80 pm for S22 and about 40-50 pm for S66 8 drop significantly.B 3LYP-D3-gCP yields an MD of only 5pma nd an MAD of 11 pm in case of S22 and the same values for both measures of 10 pm for the S668 set. HF-D3-gCP gives an MD of 9pma nd and MAD of 16 pm for the S22 set. For S66 8,H F-D3-gCP in fact is one of the two best methods and yields an MD of only 2pma nd and MAD of only 3pm. The RMSD for the heavy atom positions are similar for B3LYP-D3-gCP and HF-D3-gCP,a bout 10 pm for the S22 and about 15 pm for the P26. B3LYP-DCP performs somewhat better than B3LYP-D3-gCP for S22 andg ives the best results for this set with an MAD of À4pm, an MAD 6pm, and an RMSD value for the heavy atom positions of only 4pm. In case of the S66 8 set, the MD of 1pmi se ven lower,a nd the best value obtained but the MAD of 21 pm is much larger than those for all otherd ispersioncorrected methods. M06-2X yields one of the two best values for the heavy-atom RMSDs of 7a nd 8pmf or the S22 and P26 set, respectively.I ti st he only method which consistently gives too smalli ntermolecularc enter-of-mass distances R CMA for both the S22 and S66 8 set. The MDs are À8a nd À10 pm,r espectively.T he MADs are very similar,i ndicating that this error is systematic. PBEh-3c yields resultsc omparable to HF-D3-gCP and slightly worse than M06-2x, with an MD of 8pm, an MAD of 13 pm anda nRMSD value of 10 pm for the S22 set. In case of the S66 8,t he performance is better.T he MD is 3pma nd the MAD is with 6pmt he second best value obtained.
Note that the S66 set consists of the most reliable reference data, while the S22 and P26 systems are only optimized at the MP2 level. Ac omparison of the S66 equilibrium CMA distances calculated at MP2 level reveals an MAD of 3.3pmc ompared with the coupled cluster reference. Therefore, MAD values of af ew pm on the S22 and P26 sets do not indicate significant deviations and are within the MP2 error.E ven more important in this context are systematic errors in the reference structures. For instances ome of the largest PBEh-3c outliers forS 22 occur for the p-stacked benzene dimer,f or which MP2 is known to overbind significantly. [93] Presumably,int his case the MP2 reference is in fact off (too short distance) as indicated by adistance underestimation by 3.4 %c ompared to the CCSD(T)r eference for the benezene dimer in the S66 8 set.
The influence of the dispersiona nd counterpoisec orrection schemesf or the S66 equilibrium distances is summarized in Figure 10 . In analogy to the binding energy analysis in the previous paragraph, we show HF and B3LYP deviationsw ith and withoutc orrection converted into normale rror distributions. These distributions mainly confirmt he analysis given above.
While the uncorrected methods yield rather bad structures, the most consistent methods are the dispersion and counterpoise corrected ones, though B3LYP-D3-gCP yields slightly too large intermolecular distances.
Among the dispersion-corrected methodsB 3LYP-DCP seems to be the best performer fora ll three test sets but we could not identify am ethodw hich is clearlys uperior to others. It is important to note, that due to the larger 6-31 + G(2d,2p) basis set and the dispersion correcting potentials themselves, the geometry optimizations with B3LYP-DCPa re an order of magnitude slower than with all other methods employed.
In order to show the influencea nd the interplay of dispersion and BSSE for supermoleculars ystems, we optimizedc omplex 5 of the S30L and the phe complex of the L7 set with plain B3LYP,B3LYP-D3,B3LYP-gCP,and B3LYP-D3-gCP.The overlays of these geometries with the reference structure arep resented in Figure 11 .
As already observedf or the small complexes, the plain B3LYP functionalg ives too large distances for the p-p stacked systemsd ue to the dominant effect of missing dispersion. The RMSD of the heavy atom positions is 59 pm for 5 and 94 pm for phe.Ifthe D3 scheme is employed, the distances are slightly too small due to the BSSE. TheR MSDs drop to 13 and 29 pm, respectively.W hen we only correct for the BSSE by gCP, the distances are again far too large and the RMSD valuesa re similar to those of plain B3LYP.O nly if dispersion andB SSE corrections are employed together( B3LYP-D3-gCP level), accurate geometries are obtained.V isually,t he agreement with the reference structure is very good, and the heavy-atomR MSDs are only 12 pm for 5 and1 6pmf or phe.T hese two examples clearly show,t hat not only for interaction energies, but also for geometries of large systems, it is important to treat London dispersion and BSSE on the same footing.
Finally,w ei nvestigate the structureso ft he previously introduced X23 and ICE10 solid state benchmark sets. As noted before,w eu se the experimental crystal densities (or crystal volumes) from X-ray measurements. These mass densitiesh ave been back-corrected for zero-point and thermal effects,w hich are important as they can alter the mass density by 1t o5% with at ypicallyd ecreased density (enlarged unit cell volume). In Table 3 , we give the statistical deviations from the reference unit cell volumes for the methods PBEh-3c, M06-2X, B3LYP, B3LYP-D3-gCP,a nd B3LYP-DCP all with the same basis sets as in the molecular calculations.
The general picturet hat emerged from the molecular complexes is confirmedf or the crystals. However,b ecause of the larger long-range contributions to the interaction, the differences between the tested methods are more pronounced. Again, M06-2X and B3LYP-DCP are numerically problematic and suffer from SCF convergencep roblems. As already seen for the molecular dimers, M06-2X suffers from BSSE, which leads to systematically too smallu nit cells by 13 %a nd 15 %f or the X23 and ICE10 set, respectively.For plain B3LYP,inconsistent behavior for the two test sets is found. For the more dispersion dominatedX 23 systems, the unit cells are substantially too large by more than 20 %, though for some systems, the error compensation leads to better results than B3LYP is inherently capable. For instance, the geometries of the oxalic acid polymorphs are very reasonable with only 4% deviation from the reference density.T he ice polymorphs are more strongly dominated by electrostatic and induction effects with only small dispersion contribution. Here, the BSSE is even larger compared with the missing dispersion leadingt ot oo small unit cells. Applying both correction schemes( D3 andg CP) resultsi namore consistent performance. At this level, for both test sets, ar easonable MAD of about 8% is obtained.Acombined optimization of the gCP and D3 parameters would probablyl ead to even better geometries. B3LYP-DCPi sb ased on al arger basis set with rather diffuse functions, which explains some of the convergence problems. However,t his also minimizes the BSSE, and the resultsa re good with MADs for the X23 and ICE10 reference unit cell slightly below and slightly above 4%,r espectively.A gain, especially the ice polymorphs are described to ah igha ccuracy consistentw ith the excellent lattice energies. On the X23 set, B3LYP-DCP is only outperformed by the new PBEh-3cc omposite method. The geometriesa re competitive to more expensive calculations based on converged PAWb asis sets with typical unit cell errors of about 3%. [39, 94] As prototypical example for aL ondon-dispersion-dominated crystal,w ei nvestigate the benzene crystal in more detail. It has various energetically-close-lying polymorphs, [95, 96] and it was used extensively to test and judge electronic structure methods (including wavefunction expansions, [97, 98, 99, 100, 101] dispersion corrected DFT, [89, 82, 102, 103, 94, 104] and semiempirical MO methods [105, 106, 107] ). We show ap otential energy surface (PES) scan of the benzene crystal in Figure 12 . Each structure corresponds to ac onstrained volumeo ptimization at the TPSS-D3 level in ac onverged PAW [108, 109] basis set, andw ea dditionally highlight the equilibrium point. The reference point refers to the back-corrected experimental unit cell volumec ombined with ahighlya ccurate CCSD(T) computedl attice energy. [113] Because of SCF convergence problems, M06-2X resultsa re not included. Concerning the other methods, substantial differences in the computational speed are observed.W ith identical numerical setups, the relative timingf or one single-point energy calculation of PBEh-3c, B3LYP/SV(P), and B3LYP-DCP/6-31 + G* are 1.0:1.2:8.2 with PBEh-3c being the fastesta nd B3LYP-DCP/6-31 + G* the slowestm ethod. The higherc omputationalc ost is mainly due to the larger and more diffuse basis set, which leads (especially in periodic boundaries) to as ubstantially higher number of computedi ntegrals.
The benzene crystal nicely reflects the basic properties of the described methods regarding the treatment of dispersion dominated systems. Plain B3LYP just shows as hallow BSSE-related minimum. Thiscorrectly disappearswhen the gCP correction is applied. Only in combination with both correction schemes (B3LYP-D3-gCP), av ery reasonable PES is obtained with nearly perfect lattice energy (À13.16 (B3LYP-D3-gCP) vs. À13.22 kcal mol À1 (reference)),b ut slightly too large unit cell (by 2.6 %t oo low mass density). The B3LYP-DCP approach showsaclearm inimum whichi ss omewhatt oo low (lattice energy of À15.22 kcal mol À1 )a nd too small unit cell (by 4.5 % too large mass density). The potential of PBEh-3c agreese xcellently with the reference, and both the unit cell volume and the lattice energy are within 1.2 %a nd 0.8 kcal mol
À1
,r espectively. 
5C onclusion
In this short topical Review,w eh ave critically analyzed widely used quantum chemical HF and DFT computations employing relativelys mall single-particleb asis sets of double-zeta quality.
As indicated by the tremendous number of publications which are based on this or similar theoretical levels, these methodologies are practically very relevant.W eh ighlighted the two main error sources in standard applications, namely the BSSE and the missing London dispersion interaction. Different strategies to treat andc orrect the errors were reviewed and tested on mainly noncovalently bound systemsw ith varying size. We analyzed both energetic and geometric properties. Due to the efficiency of the methods,t heir main applications are large supramolecular or periodic systems, which were also the focus of our analysis. As main result of our investigations, it is nowadays not justified to rely on fortuitous error compensation as for example, in the popular B3LYP/6-31G* approach. Without additional computational overhead, the main error sources can be treated with semiclassical potentials, and the composite method B3LYP-D3-gCP/DZ outperforms the plain functional clearly.F urther improved resultsa re obtained, when the BSSE and London dispersion are directly included in the methodd esign as recently done in the PBEh-3c functional with good to excellent results on all tested geometries and reference energies. Only for some systems with particularh igh requirementso n the basis set (e.g. very strong hydrogen bonds or anions), the performance is slightly worse compared with, for example, a 'hybrid'/QZ level.
Using ECP-type potentials to simultaneously cure the functional and basis set errors works very well for small complexes similar to those used in the training sets for the method. However,w ith the tested B3LYP-DCP scheme, the computational costs are closer to that of at riple-zeta basis set. More importantly,t he quality of the results forl arger systems deteriorates and the performance is unsatisfying.W ea ttribute this inconsistency to aw rong distance behavior of the correction potential as the finite ECP expansion cannot recover the correct R À6 limit of the dispersion interaction.
In summary,i ti si ndeedp ossible to effectively use quantum chemicalm ethods with smallb asis set expansions when all arising errors are treated properly.T he good resultsf or both, energetic andg eometricp roperties of large and periodic systems is encouraging, and we expect this to translate into globally accurate potentiale nergy surfaces, which is important for thermodynamic properties and ab initio molecular dynamics.
In this context we would like to mention the problemo fs olvation effectst hat was not discussed in this Review. Dispersion effects are omnipresenta nd also occur for any molecule when it is solvated as in most chemical applications. Moleculard ispersion (or BSSE) effects are then partly quenched, that is, intramolecular contributions are replaced by intermolecular ones with the solvent. An accuratea ccount of these effects requires sophisticated solvationm odels with the same high accuracya s the quantum chemical treatments which is difficult to obtain at present.W henever comparisons of computed molecular to experimental liquid phase data are made, we recommend to include consistentc ontinuums olvation models like COSMO-RS [111, 112] or DCOSMO-RS [111] (for geometry optimizations). Only such treatments eventually will lead to the 'right answer for the right reason'.Inany case, due to the broad area of possible applicationso ff or example, the new PBEh-3c composite schemei ndescribing host-guest binding enthalpies, lattice enthalpies of organic crystals, and structures of larger biologically relevant molecules, the future for quantum chemical modeling of these systemsseems bright.
6C omputational Details
For the single-point energy calculations on the benchmark sets S22, [76, 93] S66 8, [34] WATER27, [86] L7, [88] S30L, [84] ICE10, [85] and X23 [89, 82] the geometries were taken as provided in the corresponding references. The computations for the molecular systems were carried out with either the current development version of ORCA Figure 12 . Lattice energy of the benzene crystal along aPES based on containedv olume optimizations (TPSS-D3/'CBS' level). The experimental geometry is back-correctedf or zero-pointand thermal effects as described in refs. [85, 39] ,and the reference lattice energy corresponds to aC CSD(T) estimate. [110] ChemistryOpen 2016, 5,94-109 www.chemistryopen.org
